African cichlids are well known for their adaptive radiations, but it is now apparent that they also harbor an extraordinary diversity of sex chromosome systems. In this study, we sequenced pools of males and females from species in 3 different genera of cichlids from Lake Tanganyika. We then searched for regions that were differentiated following the patterns expected for sex chromosomes. We report 2 novel sex chromosomes systems, an XY system on LG19 in Tropheus sp. "black" and a ZW system on LG7 in Hemibates stenosoma. We also identify a ZW system on LG5 in Cyprichromis leptosoma that may be convergent with a system previously described in Lake Malawi cichlids. Our data also identify candidate single nucleotide polymorphisms for the blue/yellow tail color polymorphism observed among male C. leptosoma.
Background
Theories about the evolution of sex chromosomes have been strongly influenced by the early discovery of old and highly heterochromatic systems, including the XY system found in eutherian mammals and the ZW system found in carinate birds. Each of these systems arose more than 100 million years ago, giving ample time for the genomic landscape around the sex locus to be sculpted by a variety of evolutionary processes (Bachtrog et al. 2011) . These processes include sexually antagonistic selection, as well as the suppression of recombination between the sex-determination locus and nearby sexually antagonistic genes (Bachtrog 2013) . Beneficial combinations of sexually antagonistic alleles linked to the sexdetermination gene are selectively favored and may help drive a novel sex-determination locus to fixation. At the same time selection favors mechanisms, such as inversions, that more tightly link these favorable alleles with the sex locus (Rice 1992; Bachtrog 2013 ). This reduction in recombination leads to an accumulation of deleterious mutations and repetitive elements and therefore the gene content of these novel sex chromosomes begins to decay via Muller's ratchet (Muller 1964) .
In striking contrast to the ancient sex chromosomes of mammals and birds, the sex chromosomes of many fishes are young and experience rapid turnover (Graves 2008; Bachtrog et al. 2014) . Species within the same family, or even within the same genus, have often evolved different sex-determination loci. In ricefish (genus Oryzias), at least 3 different systems of sex determination have evolved in the last 15 million years (Myosho et al. 2012) . Despite this diversity of sex chromosomes, many of the sex-determination loci identified in fishes also play a critical role in mammalian sexual differentiation, suggesting a deep conservation of the gene network underlying sexdetermination (Matsuda et al. 2002; Nanda et al. 2002; Hattori et al. 2012; Kamiya et al. 2012; Myosho et al. 2012; Li et al. 2015; Sánchez and Chaouiya 2016) .
African cichlids are best known for their spectacular adaptive radiations, but they have also evolved a diversity of sex chromosomes (Kocher 2004; Roberts et al. 2009; Ser et al. 2010; Parnell and Streelman 2013; Böhne et al. 2016; Roberts et al. 2016; Clark et al. 2017; Peterson et al. 2017) . Three sex chromosome systems, on 3 different linkage groups (LG1 XY, LG3 ZW, and LG23 XY), have been characterized within the tilapia clade of African cichlids (Lee et al. 2003 (Lee et al. , 2004 (Lee et al. , 2011 Cnaani et al. 2008; Eshel et al. 2011; Palaiokostas et al. 2013; Gammerdinger et al. 2014; Li et al. 2015; Gammerdinger et al. 2016; Conte et al. 2017) . The causative locus for the LG23 system has been shown to contain a duplication of Amh . Additionally, many species of tilapia segregate multiple sex-determination genes. For example, Oreochromis aureus segregates both the LG1 and LG3 sex chromosome systems within families, while sex has been mapped to either LG1 or LG23 in different strains of Oreochromis niloticus (Lee et al. 2003 (Lee et al. , 2004 (Lee et al. , 2011 Eshel et al. 2012; Palaiokostas et al. 2013; Gammerdinger et al. 2014; Li et al. 2015; Gammerdinger et al. 2016) . The haplochromine cichlids of Lake Malawi also display a plethora of sex-determination mechanisms, including a ZW system on LG5 and XY systems on LG7 and LG20 (Roberts et al. 2009; Ser et al. 2010; Parnell and Streelman 2013; Böhne et al. 2016 ). In addition, some species carry a female-limited B chromosome that may function as a dominant female sex-determination gene (Clark et al. 2017) . Because the sex chromosome systems of tilapia and the cichlid species of Lake Malawi do not overlap, it is not yet possible to identify the ancestral state. It is therefore difficult to reconstruct the evolutionary history of sex chromosome transitions within cichlids. Lake Tanganyika is inhabited by several lineages of cichlids that may provide insight into how sex-determination evolved in haplochromine cichlids after they diverged from their last common ancestor with tilapia. Previous research on Lake Tanganyika cichlids is limited to studies of the haplochromine Astatotilapia burtoni Roberts et al. 2016) , which is not particularly common in the lake proper, but it is one of the dominant species in the tributaries of the lake. Three systems within A. burtoni have been reported: an XYW system on LG13, an XY system on LG18, as well as an XY locus located on a fusion between LG5 and LG14 Roberts et al. 2016) .
The Lake Tanganyika cichlid species flock comprises more than a dozen tribes-distinct lineages with unique ecologies and life histories (Takahashi 2003; Takahashi 2014; Meyer et al. 2015) . This report explores the diversity of sex chromosomes in species representing 3 tribes: Tropheus sp. "black" (Tropheini), Hemibates stenosoma (Bathybatini), and Cyprichromis leptosoma (Cyprichromini). Recent work has shown that the tribe Tropheini is nested within the Haplochromini and is closely related to a monophyletic assemblage that includes the adaptive radiations in the other East African Great Lakes along with several riverine cichlid lineages, including A. burtoni (Salzburger et al. 2005; Schwarzer et al. 2012) . The Haplochromini, together with a number of other tribes, including the Cyprichromini, originated in the so called primary lacustrine radiation in Lake Tanganyika, whereas the Bathybatini are an ancient tribe whose origin predates the primary Lake Tanganyika radiation (Salzburger et al. 2002; Koblmüller et al. 2005; Takahashi and Sota 2016) . The phylogenetic relationship of the species studied is shown in Figure 1 (Meyer 2015) . All 3 study species are maternal mouth brooders. Cyprichromis leptosoma and H. stenosoma exhibit a pronounced level of sexual dichromatism, whereas Tropheus sp. "black" are sexually monochromatic, similar to other Tropheus but contrary to most other Tropheini or Haplochromini (Konings 2013) .
Cyprichromis leptosoma has a distinct fin color dimorphism in males. A previous RAD mapping study had mapped this trait to a 161 kb region of LG16 (Takahashi et al. 2013) . Yellow males are homozygous, while blue males are heterozygous or homozygous for an alternate allele across this region suggesting a single locus trait with 2 alleles (Takahashi et al. 2013) . We now provide a characterization of variants within this region.
Materials and Methods

Materials
All of the tissues used were sampled from wild-caught fish collected from Lake Tanganyika. We sampled 30 males and 24 females Tropheus sp. "black" from Ikola, Tanzania, 25 males and 25 females H. stenosoma from Mpulungu, Zambia, and 26 males and 30 females C. leptosoma near Kalambo Lodge in Zambia. Of the 26 male C. leptosoma samples, 17 were from individuals with the blue color morph and 9 were from individuals with the yellow color morph.
Sequencing
DNA was purified from fin clips by phenol-chloroform extraction using phase-lock gel tubes (5Prime, Gaithersburg, MD). Fluorescence spectroscopy was utilized to quantify DNA concentrations for each individual to ensure equal representation of each individual in the pooled libraries. Males and females from each species were pooled separately and the male C. leptosoma pool was further divided into separate pools based upon their color morph. The libraries were constructed using the TruSeq DNA PCR-Free LT Kit (Illumina, San 
Read Mapping
Reads were filtered using the CASAVA 1.8 filter. Reads that did not pass this criterion were removed. Read qualities were visually assessed using FastQC (http://www.bioinformatics.babraham.ac.uk/ projects/fastqc/). Reads were then mapped to an O. niloticus reference genome (O_niloticus_UMD1) with BWA version 0.7.12 using the default parameters along with read group labels (Li and Durbin 2009; Conte et al. 2017) . The alignments were sorted, marked for duplicates and indexed using Picard version 1.119 (http://picard. sourceforge.net).
Variant Identification
Alignments were converted into an mpileup file using Samtools version 0.1.18 and subsequently into a sync file using Popoolation2 (Li et al.2009; Kofler et al. 2011) . Base calls with a PHRED score less than 20 were filtered out of the data set. Each species was then separately analyzed with Sex_SNP_finder_GA.pl (https://github.com/ Gammerdinger/sex-SNP-finder) for both XY-and ZW-patterns in order to find sex-patterned single-nucleotide polymorphisms (SNPs) that could be used to determine the likely sex-determination system as well as to measure F ST across the genome (Gammerdinger et al. 2016) . The density of sex-patterned SNPs was measured in 10 kb nonoverlapping windows using a minimum coverage threshold of 10. The sex system (XY or ZW) was determined by identifying the Sex_SNP_finder_GA.pl output with the greatest number of sex-patterned SNPs in regions of F ST differentiation. We analyzed the distribution of sex-patterned SNPs in nonoverlapping 10 kb windows for each species and assigned a threshold near the middle of the bimodal distribution, which we used to call regions of high differentiation.
In parallel to the aforementioned methods, variants were called from the pool alignments with GATK version 3.7 using HaplotypeCaller with the maximum allowed ploidy for a sample set to 10 (DePristo et al. 2011) . Males and females of a species were combined using GATK's GenotypeGVCF command to assemble a VCF file of all variants in each species (DePristo et al. 2011) . We then filtered the output VCFs from GATK's GenotypeGVCF using the list of sex-patterned SNPs in each species. These sex-patterned SNPs were then filtered using the BEDtools intersect command to identify whether they were located within the regions of high differentiation (Quinlan and Hall 2010) .
The color locus in C. leptosoma also was evaluated using Sex_ SNP_finder_GA.pl, however the parameters were set to search for a dominant-recessive pattern. Since it has been previously reported that the blue color morph is dominant to the yellow color morph, we looked for sites in the genome at which the yellow morph was fixed, or nearly fixed, and the blue morph had an alternative allele with a frequency between 0.3 and 1.
Functional Annotation
Sex-patterned SNPs were evaluated for functional significance using SnpEff version 4.3 and subsequently filtered by their functional impacts using SnpSift (Cingolani et al. 2012a (Cingolani et al. , 2012b . SNPs with nonsynonymous impacts were further evaluated using PROVEAN version 1.1.5 to predict whether or not these missense SNPs were deleterious (Choi et al. 2012) . Scores below the recommended PROVEAN threshold of −2.5 were considered deleterious. Low quality gene annotations caused us to remove from the analysis 34 sex-patterned missense mutations in Tropheus sp. "black" (in proteins XP_005461945.2, XP_005477739.2, XP_003457270.2, 
Copy Number Variant Identification
Mean coverage of read alignments in each male or female pool was quantified with Picard's CollectWgsMetrics (http://picard.sourceforge.net). We then ran Varscan 2 version 2.3.7 to identify copy number variants using a windowed approach, taking into account the differences in read coverage in each pool. We used a minimum coverage of 8, a minimum window size of 100 bp and a maximum window size of 1 kb (Koboldt et al. 2012) . The amp and del thresholds were both set to 0.2.
Defining the Color Locus Region in C. Leptosoma
Primer sequences from a previous mapping study were run through BLAST to find the corresponding region in the most recent O. niloticus assembly using the -task blastn-short setting in BLAST (Altschul et al. 1990; Takahashi et al. 2013 ). The 16 primer sequences correspond to 6 microsatellite markers (Sg07, Sg08, Sg09, Sg11, Sg13, Sg16) and 2 RAD markers (RAD206877 and RAD208776) (Takahashi et al. 2013 ). The analysis of the color locus spanned the entirety of the previously mapped region of significance between Sg07 and Sg16.
Results
Sequencing and Read Mapping
We obtained ~100 million and ~107 million 100 bp paired-end reads from Tropheus sp. "black" males and females, respectively. The mean coverage for the male reads was 12.03X and the mean coverage for female reads was 12.88X when aligned to O. niloticus.
Sequencing of H. stenosoma yielded ~102 million and 79 million reads from males and females, respectively. The mean male coverage in H. stenosoma was 12.46X and the mean female coverage was 8.68X when aligned to O. niloticus.
The sequencing for yellow C. leptosoma males yielded ~116 million 100 bp paired-end reads, while blue males yielded ~71 million reads. The C. leptosoma females yielded ~167 million 100 bp pairedend reads. The estimated coverage in the yellow males was 13.39X, in the blue males was 8.13X, and in the females was 19.25X, when aligned to O. niloticus.
Differentiation in Tropheus sp. "black"
The distribution of nonoverlapping windows containing sex-patterned SNPs in Tropheus sp. "black" showed a strongly bimodal signal in the XY dataset (Supplementary File 1). Nonoverlapping windows with a density of XY-patterned SNPs of 25 or greater were designated as regions of high differentiation in this species. By this criterion, ~19 Mb of the Tropheus sp. "black" genome is in highly differentiated regions (Figure 2 ). The vast majority of XY-patterned SNPs fall within an ~18.9 Mb region of increased F ST on LG19 (Figure 3) . No other linkage groups had nonoverlapping, 10 kb windows with more than 25 sex-patterned SNPs. Eight other contigs of the genome assembly that were not anchored to the linkage map had only one sex-patterned window each. From the Varscan analysis, we can see that the overall percentage of copy number variants, duplications, and deletions combined, was higher within the region of high differentiation compared to the rest of the genome (Table 1) .
We detected 2062 genomic mutations responsible for creating 4740 missense transcript mutations. PROVEAN predicted that 1415 of these 4740 missense transcript mutations were deleterious. An additional 35 genomic mutations were responsible for 59 "highimpact" transcript mutations as defined by SnpEff. A full list of these "high-impact" and predicted deleterious mutations can be found for all of the species in Supplementary File 2.
Differentiation in H. Stenosoma
Our analysis of the distribution of nonoverlapping windows spanning sex-patterned SNPs in H. stenosoma revealed a bimodal signal in the ZW dataset (Supplementary File 3) . We considered 10 kb windows with a sex-patterned SNP density of 14 or greater as regions of high differentiation. This analysis shows that ~42.8 Mb of the H. stenosoma genome lies within these regions of differentiation (Figure 4 ). Approximately 37.5 Mb of this differentiation resides on LG7 (Figure 5 ), while ~1.6 Mb is on LG4 and 1.1 Mb is on contig 245. Thirteen additional linkage groups had at least one of these highly differentiated windows, but none had more than 6 windows. Sixty-one unanchored contigs had one differentiated window, while another unanchored contig had 2 differentiated windows. The high density of ZW-patterned SNPs within these regions on LG7 corresponds with an elevation in F ST ( Figure 5 ). There is an increase in the overall percentage of copy number variants, duplications, and deletions combined, from the region of high differentiation when compared to the rest of the genome (Table 1) . We found 1901 genomic mutations causing 4664 missense transcript mutations in their associated proteins. PROVEAN analysis determined that 1557 of these 4664 missense transcript mutations were predicted to be deleterious. Additionally, we found 38 genomic mutations that created 69 "high-impact" transcript mutations.
Differentiation in C. Leptosoma
When we analyzed the distribution of nonoverlapping windows containing sex-patterned SNPs in C. leptosoma, we determined that the distribution of nonoverlapping ZW-patterned windows was bimodal and any windows with a density of 22 sex-patterned SNPs or greater were assigned to the category of differentiated (Supplementary File 4) . Using this benchmark, C. leptosoma had ~29.6 Mb of differentiation between males and females. Two regions showed particularly elevated F ST (Figure 6 ). The first region of differentiation is located on LG5 (Figure 7 ) and totals ~26.4 Mb. A few additional regions of high differentiation from LG13 (Figure 8 ) amounted to ~1.1 Mb. While 28 unanchored contigs provided at least one differentiated window, the strongest signal from the unanchored contigs came from contig 313 and contig 400, which had ~573 kb and 379 kb of differentiation, respectively. Seven additional linkage groups had at least one sex-patterned window meeting our criteria, however, 6 of these only had one window and another was responsible for only ~87 kb of differentiation. The differentiation as measured by F ST is attributable to the high density of ZW-patterned SNPs within these regions of differentiation. Additionally, an analysis of the Varscan output shows an increase in the total number of copy number variants, duplications, and deletions combined, within the region of high differentiation as compared to the rest of the genome (Table 1) .
Within the regions of high differentiation we detected 1861 genomic mutations that were responsible for 4519 missense transcript mutations. PROVEAN predicted that 1200 of these 4519 missense transcript mutations had a predicted deleterious effect on their associated proteins. Our analysis also reveals 32 genomic mutations that are scored as having a "high-impact" on gene function in 74 transcripts models.
Male Color Polymorphism in C. Leptosoma
Fourteen of the 16 primer sequences were mapped to linkage group 16 between 8.57 and 8.81 Mb and retained synteny between the previous study and the more recent genome assembly (Takahashi et al. 2013) . Within this region, we identified 218 SNPs with a pattern consistent with blue dominance. Of these SNPs, 11 genomic SNPs were responsible for 13 missense transcript mutations in their associated gene models, but none were scored as having a "high-impact" as defined by SnpEff. Seven of these 13 missense transcript mutations were scored as deleterious (Supplementary File 2) .
Discussion
LG19 in Tropheus sp. "Black"
The high number of XY sex-patterned SNPs and increased copy number variants provide strong evidence that LG19 is a sex chromosome in Tropheus sp. "black." This XY system on LG19 represents a previously unreported sex-determination system in African cichlids.
Within the regions of differentiation on LG19, there were several mutations scored by SnpEff as having a "high-impact" on gene function that are interesting for understanding the emergence and evolution of sex chromosomes. The first mutation is a splice junction variant on LG19 at 15 270 722 for cathepsin L1. Cathepsin L1 is highly expressed in Sertoli cells of rats. Disruption of cathepsin L1 leads to increased apoptosis of adult germ cells, but it is unclear if this is also true of primordial germ cells (Boujrad et al. 1995; Wright et al. 2003) . A common theme observed in sex differentiation is that males have fewer primordial germ cells in development and this appears to lead to the differentiation of testes (Nakamura et al. 1998 ). Therefore, alterations of genes that affect germ cell numbers might create novel sex-determination genes (Kikuchi and Hamaguchi 2013) . Another interesting gene is apolipoprotein B-100, which has accumulated three nonsense mutations on the Y-chromosome. The product of this gene is secreted from granulosa cells in humans and improves the fertility of women undergoing in vitro fertilization (Gautier et al. 2010) . While this gene has not been shown to have a deleterious effect in males, this gene could represent a gene that experienced sexually antagonistic selection, as females with higher expression increase their fertility at the cost of an unknown detriment to males. Therefore, the gain of a stop codon in this gene on the Y-chromosome could alleviate sexual conflict that may have arisen from this gene. Additionally, 4 missense mutations in fibroblast growth factor receptor-like 1 (FGFR1) located at 18 130 650, 18 131 447, 18 140 975, and 18 141 011 on LG19 were all predicted to be deleterious. FGFR1 has been implicated as a candidate gene in humans for causing ambiguous genitalia. The paralog of FGFR1, FGFR2, is a critical receptor for FGF9, a well-studied gene in mammalian sex-determination networks (Kim et al. 2006; Mazen et al. 2016) . Lastly, within TGF-β3 there are several Y-patterned variants, including a predicted nondeleterious missense mutation (L268P), along with 4 mutations in the 5′-UTR (2 of which create premature start codons) and 3 in the 3′-UTR. The TGF-β pathway has been strongly implicated in altering the vertebrate sex-determination network (Liang et al. 2011; Kikuchi and Hamaguchi 2013) . LG7 in H. Stenosoma
The ZW signal on LG7 in H. stenosoma is quite pronounced, while the small sex-patterned signal from LG4 likely represents a structural rearrangement between H. stenosoma and the reference genome. There is a high density of ZW-patterned SNPs and copy number variants inside the regions of differentiation. The identification of a ZW system on LG7 is particularly interesting because of previous reports of an XY system on LG7 in some Lake Malawi species (Ser et al. 2010) . This is yet another indication that the sex chromosomes of African cichlids are turning over rapidly.
None of the "high-impact" mutations found in the ZW-patterned SNPs showed a clear connection to the sex-determination network. There were 2 W-patterned, missense mutations of note that were predicted to be deleterious. One is a deleterious missense mutation in Wnt-2 on LG4 at position 17 579 780. Wnt-2 signaling with betacatenin promotes granulosa cell proliferation and Wnt-2 is expressed in rainbow trout ovaries during gonadal differentiation (Wang et al. 2010; Nicol and Guiguen 2011) . However, it is not clear how this mutation would lead to female differentiation. Another predicted deleterious, missense mutation was within Bardet-Biedl syndrome protein 1 on LG8 at position 9 112 074. Bardet-Biedl syndrome is an autosomal recessive disorder in humans with symptoms including obesity, mental retardation, hypogonadism, and reproductive abnormalities (Beales et al. 1999) . Neither of these mutations is on LG7 of the reference genome and so these may suggest structural rearrangements since the divergence between tilapia and H. stenosoma. Also, brain aromatase has a W-patterned SNP in the 3′-UTR. Ovarian aromatase is well known within cichlids for being a key gene involved with sex differentiation in several species, but brain aromatase does not appear to be differentially expressed in the gonads of Nile tilapia (Kwon et al. 2001; Böhne et al. 2013; Böhne et al. 2014; Gennotte et al. 2015; Göppert et al. 2016) . The genes for SMAD2, SMAD3, SMAD4, SMAD6, and SMAD7 are all within the regions of high differentiation and have been shown to interact with the TGF-β signaling pathway, but lack any deleterious missense or "high-impact" mutations (Heldin et al. 1997; Massagué 2000) .
LG5 in C. leptosoma
The strongest signal for sex-determination in C. leptosoma is found on LG5 in the form of a ZW system. This region overlaps the previously reported sex-determination region on LG5 in orange-blotched Lake Malawi cichlids and thus may represent a shared ancestral sex-determination system or be an example of convergence (Ser et al. 2010 ). In C. leptosome, there is also a ZW signal coming from LG13 ( Figure 6 ). Upon inspecting LG13, it is clear that there is a block of ZW-patterned SNPs, but the density of these SNPs is lower than on LG5. This fainter LG13 signal could therefore represent a more recent translocation of a region of LG13 to LG5. Alternatively, it may correspond to all or a part of the XYW system previously reported on LG13 in A. burtoni or another sex chromosome system (Roberts et al. 2016 ). None of the genes with "high-impact" mutations in the C. leptosoma sex comparison had any known ties to the sex-determination network. However, there was a deleterious missense mutation in Wnt7a protein on the Z-chromosome. Wnt7a has been previously tied to abnormal development of the female reproductive tract in mice, with homozygous mutants showing significant abnormalities (Miller and Sassoon 1998) . Thus, this mutation may push development of ZZ individuals toward males. The most interesting candidates for sex-determination in this species are WNT4 and FGFR2. WNT4 is in the differentiated region on LG5, and has one W-patterned variant in the 5′-UTR and 2 W-patterned variants in the 3′-UTR. WNT4 has been shown to be one part of a key genetic switch in the mammalian sex-determination network (Kim et al. 2006; Bernard and Harley 2007) . FGFR2 is in the differentiated region on LG13 and has a predicted nondeleterious W-patterned missense (Proline to Alanine) mutation. FGFR2 is the main receptor for FGF9. Mutations in FGFR2 in humans and mice demonstrate a complete sex reversal (Siggers et al. 2014; Bagheri-Fam et al. 2015) .
Limited Options?
Some have argued that the evolutionary history of sex chromosomes in vertebrates can be best explained by shared ancestry of sex chromosomes or a limited core set of genes capable of becoming sex-determination genes (Marshall Graves and Peichel 2010) . However, the work presented here challenges both of these paradigms. We studied 3 species from Lake Tanganyika and discovered at least 2 novel sex chromosome systems. Research on African cichlids has now identified at least 9 autosomes that have become sex chromosomes in the last 15 million years: LG1 (XY), LG3 (ZW), LG5 (ZW), LG7 (distinct XY and ZW systems), LG13 (XYZ), LG18 (XY), LG19 (XY), LG20 (XY), LG23 (XY) and possibly a female-determining B chromosome (Lee et al. 2003 (Lee et al. , 2004 Cnaani et al. 2008; Roberts et al. 2009; Ser et al. 2010; Eshel et al. 2011; Lee et al. 2011; Eshel et al. 2012; Parnell and Streelman 2013; Palaiokostas et al. 2013; Gammerdinger et al. 2014; Böhne et al. 2016; Gammerdinger et al. 2016; Roberts et al. 2016; Clark et al. 2017) . These data show that there are many genes scattered across the genome that can become top-level sex-determination genes in fishes, and suggests that many additional sex-determination genes remain to be discovered among the African cichlids. It could be argued that the discovery of a novel ZW system on LG7 represents a situation similar to the DMRT1 gene, which has been co-opted to become both a ZW system (DM-W in Xenopus), and an XY system (DMRT1Y in medaka) (Nanda et al. 2002; Yoshimoto et al. 2008 ). The possibly convergent or ancestrally shared LG5 ZW might also be construed as support of the notion of limited options in the sex-determination network. However, as more sex chromosome systems are found within African cichlids, some are likely to be found on the same chromosomes by chance rather than because of any innate predisposition to becoming sex chromosomes. The extraordinary diversity of sex chromosome systems witnessed in African cichlids seems to defy current paradigms for the emergence of novel sex chromosome systems. Sexual antagonism has been proposed as a mechanism aiding the emergence of novel sex chromosomes. Cichlids show varying levels of sexual dimorphism with respect to parental investment. It follows that cichlids are a useful model for studying the role of sexual antagonism in the emergence of new sex chromosomes (Kocher 2004; van Doorn and Kirkpatrick 2007) .
Cyprichromis Color Polymorphism
While our analysis did not reveal any "high-impact" mutations within the region of interest for color in C. leptosoma, there was an intriguing predicted deleterious missense mutation. This missense mutation was in exportin-4, at 8 747 219, which is responsible for the nuclear import of Sox proteins in mammals (Gontan et al. 2009 ). The Sox proteins known to utilize exportin-4 are SRY and Sox2, but it is possible that other Sox proteins also utilize this protein (Gontan et al. 2009 ). If exportin-4 regulates Sox10 nuclear import, mutations in exportin-4 might disrupt the specification of pigment cells from the neural crest to produce the observed color phenotype (Dutton et al. 2001; Potterf et al. 2001 ).
Caveats
Our catalog of sex-patterned SNPs is subject to 3 kinds of error. First, at low genomic coverage, the total number of sex-patterned SNPs is likely underestimated. Second, some positions may be classified as sex-patterned due to sampling error in the relatively small number of individuals of each sex that we studied. Third, our relatively low coverage combined with the inherent variance in Illumina coverage means that we may have overestimated the number of copy number variants in our samples. However, the regions of high differentiation between our samples consistently harbored more copy number variants compared to the rest of the genome. This is consistent with other observations that sex chromosomes tend accumulate copy number variants (Graves 2008; Bachtrog 2013 ).
We did not analyze mutations in the vast number of potential transcription factor binding sites, which could modulate expression of genes critical to sex-determination and color dimorphism. A more thorough genomic and transcriptomic analysis consisting of several related species sharing a common sex chromosome system is needed to identify causal variants for a particular phenotype. Lastly, this analysis was carried out on the O. niloticus reference genome and there are likely structural rearrangements between this reference and each species analyzed.
Conclusions
This study reports the presence of 3 sex chromosome systems in African cichlids from Lake Tanganyika. Two of these systems, LG7 ZW and LG19 XY, appear to be previously unknown and the third may be convergent on a system identified previously in Lake Malawi. The majority of cichlid lineages from Lake Tanganyika have yet to be analyzed for sex chromosomes, but we suggest that further sampling of Lake Tanganyika cichlids would identify many additional sex chromosomes. The lack of shared sex systems among lineages makes it difficult to identify the ancestral state for sex chromosomes in Lake Tanganyika. Analyses of additional species are needed to understand ancestral states and the patterns of evolutionary transition between sex-determination systems, as well as providing a framework for understanding why African cichlids have such rapid turnover in sex chromosome systems.
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